Abstract: We present a simple method for estimating food consumption rates of fish in the field based on a mercury (Hg) mass balance model. This method requires the determination of fish age, size, and growth and Hg concentration in fish and their food. The model was validated using data obtained from a previously published laboratory experiment. A field test of the model showed that food consumption rates determined with the Hg mass balance model differed from independent estimates obtained with the 137 Cs method by only 0.6-16.1%. The model was applied to fish from various lakes in Quebec and Ontario. Food consumption rates estimated with the Hg mass balance model varied significantly both among species and among populations. Furthermore, female fish tended to eat 30-40% more food than males, probably to meet the larger energy requirement associated with egg production. A sensitivity analysis indicated that the Hg mass balance model was mostly responsive to variables that can be easily measured in the field, such as fish size and Hg concentration in fish and their food. By providing a low-effort approach to quantifying food consumption rates of fish in the field, this method may help to refine our understanding of the environmental factors that influence the quantity of food consumed by fish.
Introduction
The ingestion of food is a central process in fish ecology. Fish must acquire a minimum quantity of energy in order to survive and maintain physiological integrity. Once this minimal energy is exceeded, fish can use the surplus energy for somatic growth and the production of gonads (Kitchell et al. 1977) . At the population and community levels, food consumption rates can influence the intensity of intra-and interspecific competition (Hanson and Leggett 1986) , the impact of predators on prey communities (Stewart and Ibarra 1991) , and the recycling of nutrients through waste production (Kraft 1992) . However, despite its ecological importance, few studies have attempted to examine the effects of environmental conditions on the quantity of food consumed by fish, probably due to the extensive effort required to estimate long-term (e.g., season, year) consumption rates for a large number of populations using traditional methods based on stomach contents.
Simple models based on the mass balance of persistent contaminants such as radioactive cesium ( 137 Cs), polychlorinated biphenyls (PCB), and dichlorodiphenyldichloroethylene (DDE) have been developed during the last three decades to estimate the quantity of food consumed by fish in the field (Kevern 1966; Kolehmainen 1974; Forseth et al. 1992; Rasmussen 1996, 1997; Tucker and Rasmussen 1999) . These models require the determination of the concentration of the chemical in fish and their prey as well as the chemical absorption efficiency from food and the elimination rate of the chemical by fish. This approach has traditionally been applied to highly polluted systems (Kolehmainen 1974; Forseth et al. 1992 Forseth et al. , 1994 . However, it has recently been shown that these models could be used even at ambient or low levels of contamination Rasmussen 1996, 1997; Tucker and Rasmussen 1999) . Furthermore, this approach can provide food consumption rates similar to those derived with stomach contents (Forseth et al. 1992 (Forseth et al. , 1994 but with considerably less sampling effort. Yet, mass balance models of chemical tracers have rarely been used compared with methods based on stomach contents or bioenergetic models, even though they were developed during the same period. This may be because (i) fish ecologists were not exposed to this toxicological literature, (ii) fish ecologists were under the impression that they could only be used in highly contaminated systems, (iii) of the difficulty in measuring these chemicals in fish and their prey, or (iv) no adequate empirical models were available until recently (e.g., Rowan and Rasmussen 1995; Trudel and Rasmussen 1997) to estimate the elimination rate of these chemicals. Thus, this approach would be more practical if we could use a chemical tracer that could be easily determined in fish and their food at any level of contamination and if the elimination rate of that chemical from fish could be accurately estimated.
Mercury (Hg), like 137 Cs, is mainly absorbed from food by fish (M. Trudel and J.B. Rasmussen, unpublished) . It is globally distributed in the environment due to natural processes and human activities and can be easily determined in the biota with atomic absorption spectroscopy even when Hg concentrations in fish and their food are low. Accurate measurements of Hg concentration can be obtained in fish with less than 1 g wet weight of muscle tissue. It can also be determined on biopsy , allowing for the release of the fish once the muscle sample is taken. Furthermore, the elimination rate of Hg by fish can be accurately determined using only fish size and water temperature (Trudel and Rasmussen 1997) . This suggests that Hg may be a useful chemical tracer for estimating the quantity of food consumed by fish in situ (Rodgers and Beamish 1982) . Moreover, because Hg is routinely measured by several agencies and laboratories around the world, there is a potentially large database that could be used to quantify food consumption rates of fish in the field.
The objective of this study was to present and validate a simple method for estimating food consumption rates of fish in the field based on the mass balance of Hg. The Hg mass balance model was also tested with independent estimates of food consumption rates obtained with the 137 Cs method. Finally, to illustrate the utility of this approach, we used Hg concentration of fish published in the literature and obtained from Hydro-Quebec databases to estimate the feeding rates of four fish species from one reservoir and five lakes located in Quebec and Ontario. Food consumption rates were compared among species, populations, and sex and also with published values obtained using stomach contents and the 137 Cs method.
Materials and methods

Mercury mass balance model
The mass balance model of Hg concentration (C, micrograms per gram) can be expressed as (Appendix 1)
where a is the assimilation efficiency of Hg from food, C d is the concentration of Hg in the diet of the fish (micrograms per gram), I is the food consumption rate of the fish (grams per gram per day or per day), E is the elimination rate of Hg (micrograms per microgram per day or per day), G is the specific growth rate (grams per gram per day or per day), and K is the loss rate of Hg due to spawning (micrograms per microgram per day or per day). Several forms of Hg can be found in the environment. In fish, most of the Hg (>95%) is methyl mercury (Bloom 1992) . Hence, Hg and methyl mercury will be used as synonyms in this study. Integrating this differential equation and solving it for food consumption rate, we obtain the following equation:
where C t and C t+D t are the concentration of Hg in fish at time t and t + Dt (micrograms per gram), respectively, and Dt is the time interval (days). Equation 2 indicates that fish ingestion rates can be determined using Hg concentration in fish and their prey, fish size and growth, Hg assimilation efficiency from food, and Hg elimination rate from fish. This model assumes that consumption, growth, and Hg elimination rates are constant during the time interval Dt. This assumption is probably not valid over an extended period of time (e.g., months or years) because these variables can be influenced by fish size and water temperature. Forseth et al. (1992) recommended interpolating fish size, chemical concentration, and water temperature on a daily basis between sampling dates to estimate food consumption rates of fish with mass balance models of chemical tracers. Seasonal or yearly consumption rate can then be obtained by summing the daily ration values obtained during these intervals (Forseth et al. 1992) . The a of Hg for prey fish typically ranges between 60 and 95% (de Freitas et al. 1977) . Because methyl mercury forms covalent bonds with proteins (Carty and Malone 1979) , a is expected to vary with protein assimilation, which is generally equal to 80% in carnivorous fish (Brett and Groves 1979) . Therefore, we assumed that a was equal to 0.8 in fish, which corresponds to the mode of laboratory-derived a values for fish fed with natural prey items (Table 1) .
We recently reviewed the literature to develop an empirical model of Hg elimination by fish (Trudel and Rasmussen 1997) . We showed that Hg elimination was independent of Hg burden or concentration, indicating that Hg dynamics can be expressed by a firstorder kinetics model. We also showed that Hg elimination of fish could be accurately estimated using fish size (W, grams) and water temperature (T, degrees Celsius):
where j, b, and g are empirically derived constants (Table 1) . The loss rate of Hg due to spawning can be determined using the gonadosomatic index (GSI, grams per gram) and Hg concentration in the gonads (C g , micrograms per gram) and in fish (C f , micrograms per gram):
where Q is the ratio of Hg concentration in the gonads to that in fish (i.e., C g / C f ) and 365 represent the number of days in a year (Appendix 1). A review of the literature indicated that Q was equal to 0.12 (SE = 0.03) and 0.59 (SE = 0.01) in females and males, respectively (Table 1) . Assuming a sex ratio of 1:1, a weighted value of Q may be estimated as
where the subscripts "m" and "f" represent males and females, respectively.
Validation of the Hg mass balance model
We used the laboratory experiment performed by Rodgers and Beamish (1982) to validate the Hg mass balance model presented in this study. In their study, rainbow trout (Oncorhynchus mykiss) were raised at 10.5°C and were fed with Hg-contaminated food (23.2 ± 1.0 and 76.5 ± 1.3 mg·g -1 ) for a period of 84 days. Only fish that consumed 1% of their body weight per day were retained for this analysis because fish that consumed larger amounts had a significantly lower growth rate than control fish, probably because of Hg poisoning. The size of and concentration of Hg in rainbow trout during the 84 days were extracted from Rodgers and Beamish's (1982) figs. 2 and 4, respectively ( Table 2 ). The assimilation efficiency of Hg from food and Hg elimination by fish were also determined in their study. On average, a was equal to 0.72 (SE = 0.05) in their study. This value is 10% lower than the value that we assumed in Table 1 , probably because they used artificial food rather than natural prey items. The elimination rate of Hg by rainbow trout averaged 0.0070·day -1 (SE = 0.0004); this value is about twofold larger than the value predicted by our empirical model. This difference was expected, as the elimination rate of Hg is biphasic in short-term experiments; the fast component has a half-life of days to weeks, while the slow component has a half-life of months to years (Ruohtula and Miettinen 1975) . We used eq. 2 with the parameters derived in their study to validate the Hg mass balance model. Monte Carlo simulations were used to assess the error associated with the estimation of food consumption rates (Manly 1997) .
Field test of the Hg mass balance model
We tested the Hg mass balance model with independent estimates of food consumption rates obtained in the field using the 137 Cs method recently refined by Rasmussen (1996, 1997) . The 137 Cs method was used to test the Hg mass balance model because it provides food consumption rates similar to those obtained with a benchmark method based on stomach contents (Forseth et al. 1992 (Forseth et al. , 1994 but with considerably less sampling effort. This analysis was performed with lake trout (Salvelinus namaycush) from Lake Memphremagog (Quebec-Vermont) and walleye (Stizostedion vitreum) and yellow perch (Perca flavescens) from the Ottawa River (Quebec-Ontario). Fish size, water temperature, Hg concentration in fish and their food, and 137 Cs concentration in fish and their food were obtained from M. Trudel and J.B. Rasmussen (unpublished) . We used the equations and parameters provided by Rasmussen (1995, 1996) to estimate the ingestion rates of lake trout, walleye, and yellow perch with the 137 Cs method. Daily water temperature was estimated with a Gaussian function (Table 3) . For lake trout, we assumed that they would maintain their position in the water column where the temperature is not higher than 10°C (Stewart et al. 1983) . Fish size and Hg and 137 Cs concentrations in fish were modeled as a function of age using linear and nonlinear regressions. Growth rates were estimated using mean fish weight determined on adjacent age-classes with the regression models. Specific growth rate was estimated as where W t and W t+D t are fish mass at time t and t + Dt (grams). With the exception of Lake Memphremagog lake trout, the GSIs of the species used in this study were taken from . For Lake Memphremagog lake trout, the GSI was determined directly and was equal to 5 and 15% for male and female fish, respectively. Monte Carlo simulations were performed to assess the uncertainty associated with the estimation of food consumption rates with the Hg and 137 Cs mass balance models (Manly 1997) . Food consumption rates obtained with these two models were compared with an analysis of covariance (ANCOVA) using body mass as a covariate. Both food consumption rates and fish mass were log 10 transformed for the statistical analyses to linearize the relationship between these variables and to stabilize the variance (Zar 1996) . We also used the reliability index (K s ) of Leggett and Williams (1981) to compare these two methods. The closer the index is to 1, the better the fit is between these two methods.
Application of the Hg mass balance model
The Hg mass balance model was also used to estimate food consumption rates of lake whitefish (Coregonus clupeaformis), northern pike (Esox lucius), walleye, and lake trout from four lakes and one reservoir located in Quebec and Ontario (Appendix 2). For these populations, fish age and size, Hg concentration in fish and their food, and water temperature were obtained from Kwiatkowski (1982) , , , , Doyon et al. (1996 Doyon et al. ( , 1998 , and Hydro-Quebec databases (Table 3 ; Appendix 2). In these studies, C d was either determined directly on stomach contents of fish (e.g., ; 2, Trudel and Rasmussen (1997); 3, Lockhart et al. (1972) ; 4, Doyon et al. (1996); 5, Niimi (1983); 6, Lange et al. (1994) . Note: The concentration of Hg in the food was 23.2 ± 1.0 g·g -1 (group A) and 76.5 ± 1.3 g·g -1 (group B). Data from Rodgers and Beamish (1982) . Table 2 . Mass (W t ) and Hg concentration (C t ) of rainbow trout fed with Hg-contaminated food during a period of 84 days.
Hg concentration of the different prey items found in the diet of the fish as
where p i represents the proportion of the ith prey in the diet and C i is the concentration of Hg of that prey (micrograms per gram). Food consumption rates were compared among species, populations, and sex with an ANCOVA using fish mass as a covariate. Food consumption rates and fish mass were log 10 transformed for the statistical analyses to linearize the relationship between these variables and to stabilize the variance (Zar 1996) . We also indirectly evaluated the Hg mass balance model by comparing food consumption rates obtained in this study with published values determined with stomach contents and with the 137 Cs mass balance model for a similar range of body sizes. Published values obtained with stomach contents covered 46 freshwater and marine fish species that were collected from various lakes located in North America and Europe as well as from several seas and oceans. Published values derived with the 137 Cs mass balance model covered 15 freshwater species that were collected mostly (91%) from the Ottawa River and Great Slave Lake. Food consumption rates of fish have been expressed on both an absolute and a relative (to mass) basis using various units (e.g., grams dry weight, grams wet weight, joules, calories). In this study, all ingestion rates were converted to grams wet weight per day. Dry mass was assumed to represent 10, 14, and 25% of the wet mass in zooplankton, benthic invertebrates, and fish, respectively. Food consumption rates expressed in energy units (joules or calories) were converted into grams wet weight using the energy density of the different prey items found in the diet of the fish. Stepwise multiple regression was used to compare food consumption rates determined with stomach contents and the Hg and 137 Cs mass balance models (Zar 1996) . Body size, water temperature, and a categorical variable representing the method used to estimate fish feeding rate were used as independent variables in the multiple regression analysis.
Sensitivity analysis
A sensitivity analysis was also performed to evaluate the robustness of the Hg mass balance model to uncertainty in eq. 2. This analysis was performed on the lowest and highest feeding rate (relative to mass) estimated with the Hg mass balance model. Each parameter in eq. 2 was increased and decreased by 10%, and the resultant change in consumption rates was calculated.
Results
Validation of the Hg mass balance model
Food consumption rates of rainbow trout determined with the Hg mass balance model were equal to 0.99 (SE = 0.08) and 0.98%·day -1 (SE = 0.07) for fish that were fed with food containing 23.2 and 76.5 mg Hg·g food -1 , respectively. These values differed by only 1-2% of the actual feeding rates of these fish. Thus, there was an excellent agreement between the actual feeding rates and the values estimated with the Hg mass balance model.
Field test of the Hg mass balance model
Food consumption rates estimated with the Hg mass balance model ranged from 19.4 to 30.7 g·day -1 in lake trout, from 3.1 to 13.5 g·day -1 in walleye, and from 0.1 to 2.2 g·day -1 in yellow perch and were similar to those obtained with the 137 Cs mass balance ( Fig. 1 ). On average, food consumption rates determined with the Hg mass balance model differed from those obtained with the 137 Cs method by 4.5% in lake trout, 1.9% in walleye, and 12.0% in yellow perch (Fig. 1 ). These differences were always within 2 SE of the estimates. There was no significant difference in the food consumption rates determined with the Hg and 137 Cs mass balance models (slope: F 1,30 = 0.3, p > 0.5; intercept: F 1,30 = 0.1, p > 0.7). Furthermore, the reliability index was close to 1 (K s = 1.07), indicating that the ingestion rates obtained with these two methods were quite similar.
Application of the Hg mass balance model
Food consumption rates were highly variable among ageclasses and species and tended to increase with body size (Fig. 2) . For a given size, food consumption rates tended to be higher for lake whitefish from the Caniapiscau Reservoir and lower for Lake Memphremagog lake trout and male northern pike from the Caniapiscau Reservoir (Fig. 2) . The allometric exponent of food consumption rates ranged from 0.62 in lake trout to 1.06 in northern pike (Table 4 ) and varied significantly among species (F 4,87 = 6.1, p < 0.0005). Food consumption rates varied significantly among populations in lake whitefish (F 2,33 = 7.6, p < 0.005), northern pike (F 2,18 = 8.1, p < 0.005), lake trout (F 1,10 = 73.5, p < 0.0001), and walleye (F 2,17 = 11.5, p < 0.001). On average, females tended to eat 30-40% more food than males (Figs. 2a and 2c). Food consumption rates varied significantly between sexes in lake whitefish (F 1,8 = 224.3, p < 0.0001) and northern pike (F 1,7 = 19.1, p < 0.005).
Food consumption rates estimated with the Hg mass balance model were similar to published values obtained from other populations and species using stomach contents and the 137 Cs mass balance model (Fig. 3) . The relationship between food consumption rates and body mass was similar for these three methods ( Fig. 3 ; Table 5 ). The best empirical model of food consumption rates included only body size and water temperature as independent variables (SE in parentheses): Once the effects of body size and water temperature were accounted for, the categorical variables representing the method used to estimate food consumption rates were not significant. This indicates that the stomach contents approach and the Hg and 137 Cs mass balance models provide Kwiatkowski (1982) . b Data from . c Data from Hydro-Quebec. d Data from . Table 3 . Water temperature (T,°C) curves of four lakes, one river, and one reservoir located in Quebec and Ontario. similar estimates of food consumption rates of fish and that there is no systematic bias associated with the Hg mass balance model presented in this study.
Sensitivity analysis
The sensitivity analysis showed that the Hg mass balance model was not sensitive to uncertainty associated with fish GSI and Hg concentration in the gonads but was moderately sensitive to the parameters of the Hg elimination model and water temperature (Fig. 4) . For instance, a 10% change in the GSI produced only a 0.3-0.7% change in fish food consumption rates. Food consumption rates were most sensitive to final fish size and final Hg concentration, followed by Hg concentration in the food, Hg assimilation efficiency, and initial fish size and initial Hg concentration (Fig. 4) . For example, a 10% change in the final fish size produced a 12.5-27.5% change in fish food consumption rates.
Discussion
We presented a simple method for estimating food consumption rates of fish in the field based on a Hg mass balance model. This method requires the determination of Hg concentration in fish and their food, fish age, size, and growth, water temperature, Hg elimination from fish, and Hg assimilation efficiency from food. The method presented in this study was validated using data obtained from a previously published laboratory experiment performed by Rodgers and Beamish (1982) where feeding rates were monitored throughout the experiment. This analysis showed that the predicted and observed food consumption rates of fish differed by only 1-2%, indicating that the Hg mass balance model provides accurate and reliable estimates of fish feeding rates. This method was also tested in the field with independent estimates of food consumption rates obtained with a 137 Cs mass balance model on three fish species covering a total of 17 age-classes. Except for yellow perch, fish feeding rates determined with the Hg and 137 Cs mass balance models differed by 6% or less. In yellow perch, food consumption rates determined with these two methods differed by 7-16%. However, these differences were well within the error associated with these estimates. The Hg mass balance model was also indirectly tested with independent estimates of food consumption rates obtained from the literature on different populations and usually on different species. The relationship between food consumption rates and body size obtained with the Hg mass balance model was similar to the one derived with published values obtained with stomach contents and with a 137 Cs mass balance model. This indicates that there was no systematic bias associated with food consumption rates obtained with the Hg mass balance model. The close correspondence obtained between these estimates does not indicate that the values of the parameters of the Hg mass balance model presented in this study are valid per se because two estimates were compared. Nevertheless, the success of this direct and indirect corroboration increases the likelihood that the parameters that we presented in this study are accurate. Taken together, these analyses suggest that the Hg mass balance model presented in this study provides adequate estimates of fish food consumption rates in the field.
It is generally recommended that food consumption rates determined with stomach contents be used to directly test methods for estimating fish feeding rates in the field, probably because fish ecologists are under the impression that such estimates constitute direct observations of feeding rates. The Eggers (1977) and Elliott and Persson (1978) models are the most widely used methods to estimate food consumption rates of fish with stomach contents. Although these methods involve direct measurements of the quantity of food in the stomachs of fish collected in the field, these measurements are converted to food consumption rates using an estimate of the clearance rate of food from the stomach and a mass balance model somewhat similar to those used to describe the dynamics of Hg and 137 Cs concentrations. Thus, it should be emphasized that feeding rates determined from stomach contents approaches are not really more "direct" observations than rates inferred from tracer mass balance models.
In this study, we used food consumption rates determined with a 137 Cs mass balance model, instead of stomach contents, to directly test the Hg mass balance model in the field because the 137 Cs method is not labor intensive in the field and because it provides long-term feeding rates comparable with those obtained with stomach contents (Forseth et al. 1992 (Forseth et al. , 1994 . Moreover, long-term food consumption rates determined with stomach contents are not necessarily always more reliable than those obtained with the 137 Cs method. The Elliott and Persson (1978) model is the only method based on stomach or whole digestive tract contents that has been validated to date. This method assumes that the evacuation rate of food from the stomach is exponential and only provides estimates of daily consumption rates. Long-term feeding rates are usually obtained by integrating a time series of daily ration determined at 2-to 4-week intervals. This approach assumes that there is no important day-to-day variation in the quantity of food consumed by fish. This assumption is supported by the work of Trudel and Boisclair (1993) on dace (Phoxinus sp.). However, large day-to-day variations in daily food consumption rates have also been observed in the field in pumpkinseed (Lepomis gibbosus) and yellow perch (J.B. Rasmussen, unpublished data). These variations appeared to be related to short-term fluctuations of the meteorological conditions. Thus, long-term feeding rates obtained with stomach contents may not always be adequate. The accuracy of the Elliott and Persson (1978) model also depends on our ability to accurately estimate the evacuation rate of food from the stomach and to accurately describe the feeding cycle during a 24-h period. Negative estimation of feeding rates frequently occurs with this model for some periods of the day, usually when there is a sharp decrease in the stomach contents between two consecutive sampling intervals (Cochran and Adelman 1982) . This may result either because the evacuation rate of food is underestimated or because the feeding cycle is not adequately de- scribed (Cochran and Adelman 1982; Trudel and Boisclair 1994) . The magnitude of the bias introduced by these negative feeding rates is unknown at present. The Elliott and Persson (1978) model is also generally not recommended for piscivorous fish because they tend to consume a single large meal during a day rather than feeding continuously. Moreover, the evacuation rate of food in piscivorous fish is often linear rather than exponential (Hall et al. 1995) . Several methods based on stomach contents have been proposed for piscivorous fish (e.g., Diana 1979; Hall et al. 1995) , but none of these methods has yet been validated. Finally, the Elliott and Persson (1978) model assumes that the evacuation rate of food is independent of the feeding rate. The evacuation rate of the whole digestive tract appears to be correlated with feeding rates in tadpoles (Wassersug 1975) . Although tadpoles are not fish, their digestive tract is similar to that of stomachless fish. This assumption has yet to be tested in fish. Thus, there is little reason to believe that the stomach contents approach is more reliable than the 137 Cs mass balance model to estimate food consumption rates of fish in the field.
Although 137 Cs mass balance models were developed more than three decades ago to estimate food consumption rates of fish in the field (e.g., a decade before the Elliott and Persson model), this approach has been largely and unjustly ignored by fish biologists. When Mann (1978) reviewed the methods to quantify food consumption rates of fish in the field, he did not even mention that mass balance models of 137 Cs had been developed to estimate fish feeding rates in the field. Elliott and Persson (1978) briefly stated that 137 Cs could be used to estimate long-term feeding rates of fish, but without giving any further details on this method. It took a tragic accident like Chernobyl to resurrect some interest in mass balance models of 137 Cs dynamics in fish. This may be Fig. 4 . Sensitivity of (a) northern pike and (b) lake whitefish feeding rate estimates to a 10% change in the parameters of eq. 2 (a, assimilation efficiency; a, mass coefficient of the Hg elimination model; b, mass exponent of the Hg elimination model; T, water temperature; W t and W t+D t , initial and final fish mass; C t and C t+D t , initial and final Hg concentration in fish; C d , Hg concentration in the diet; C g :C f , ratio of Hg concentration in the gonad and that in fish; GSI, gonadosomatic index).
because the few fish biologists that were aware of this method probably had the impression that it could only be used in systems that were highly contaminated with 137 Cs. This chemical is globally dispersed in the environment because of nuclear weapon testing (and occasional accidents like Chernobyl) and can be accurately measured with modern gamma spectroscopy even at low levels of contamination. Thus, 137 Cs can be used to estimate food consumption rates of fish in almost any aquatic ecosystem without adding any 137 Cs to the system. Because this method provides food consumption rates similar to those obtained with stomach contents (Forseth et al. 1992 (Forseth et al. , 1994 , it can also be used as an alternative to stomach contents to directly test other methods for estimating fish feeding rates in the field like the Hg mass balance model presented in this study.
It may be argued that the Hg and 137 Cs mass balance models provided similar estimates of food consumption rates only because they have the same mathematical structure. Similar equations have been used to described the dynamics of Hg and 137 Cs in fish because they are both trophically transferred contaminants (Cabana et al. 1994; Rowan and Rasmussen 1994) whose elimination seems to follow firstorder kinetics in spite of different biochemical modes of bioaccumulation. However, it is important to note that, except for body size, water temperature, and GSI, all of the parameters of the Hg and 137 Cs models have been derived totally independently using different studies and experiments and that the values of these parameters differed for Hg and 137 Cs. Furthermore, these chemicals have been measured independently using different methods (i.e., atomic absorption vs gamma spectroscopy) and generally on different individual fish. Given the number of parameters that have to be estimated (i.e., nine for each model plus fish size and water temperature), it is rather improbable that these mass balance models would provide similar estimates of feeding rates by chance alone even if they have the same mathematical structure. Thus, the similarity of mathematical structure of the Hg and 137 Cs mass balance models cannot, by itself, be responsible for the similarity of the feeding rates obtained with these two models.
The generic parameters of the Hg mass balance model presented in Table 1 provided reasonable estimates of fish feeding rates in the field. There is presently no empirical evidence that indicates that these parameters differ systematically among species (Trudel and Rasmussen 1997) , suggesting that they may be used to estimate the feeding rates of other species or populations. However, it may be necessary to further estimate these parameters to determine if these values are appropriate for other fish species. In particular, more effort should be directed towards estimating the assimilation efficiency of Hg from food under field conditions, as the Hg mass balance model was quite sensitive to uncertainty associated with this parameter. The assimilation efficiency of Hg from food is expected to be correlated with protein assimilation efficiency because Hg is covalently bound to protein (Carty and Malone 1979) . Thus, it may vary with prey type and gut morphology (e.g., stomachless versus fish with a well-defined stomach). It may be possible to use the approach recently developed by Tucker and Rasmussen (1999) for 137 Cs to estimate the assimilation efficiency of Hg in the field. This would require the determination of the concentration of Hg and the content of acidinsoluble ash in the foregut and hindgut of fish. However, this method will have to be validated under controlled conditions before it is applied in the field.
The Hg mass balance proposed in this study offers several advantages over currently used methods for estimating food consumption rates of fish in the field (i.e., stomach contents, bioenergetic models, 137 Cs mass balance model). First, the Hg mass balance model is substantially less labor intensive than the stomach contents approach. In contrast with the stomach contents approach, the Hg mass balance model does not require that fish be collected every 3-6 h during a 24-h period to estimate fish feeding rates. Furthermore, despite the effort of Hayward et al. (1991) to develop a low-effort regression approach to quantify food consumption rates with stomach contents, their method still requires a calibration with fish collected every 3-6 h over several 24-h periods. Their method also requires that the feeding cycle be stable through time and may not be appropriate for fish that shift their feeding peak from day to night during the summer, such as dace (Phoxinus sp.) (M. Trudel, unpublished data). Furthermore, the calibration may not be valid among years and populations (Hayward et al. 1991) . The stomach contents approach is especially difficult to apply in the field for piscivorous fish because the abundance of these fish is usually low. In addition, these fish are usually dispersed rather than aggregated. Thus, only few fish (if any) may be captured in a single net, especially if fish are collected every 3-6 h. Finally, these fish are generally quite valuable for the sport fishery (e.g., lake trout, walleye). This often limits the number of fish that can be sacrificed to avoid upsetting the public. The Hg mass balance model presented in this study is well suited for piscivorous fish even when sample size is low because mean fish size and Hg concentration of fish in each age-class can be determined using a regression model developed with relatively few fish (20-30 fish). This approach may also help to reduce the error associated with the estimation of these parameters, even when sample size is large.
Second, bioenergetic models require accurate estimates of standard metabolic rates and activity costs to estimate food consumption rates of fish because these models are acutely sensitive to uncertainty associated with these parameters (Kitchell et al. 1977; Stewart et al. 1983) . However, it is presently difficult to accurately estimate fish activity costs in situ (Trudel and Boisclair 1996) . In contrast with bioenergetic models, the Hg mass balance model does not require the estimation of fish metabolic rate for estimating fish ingestion rates, as the elimination rate of Hg is independent of activity rates (Östlund 1969) . Third, while it is possible to accurately measure 137 Cs in biological samples with modern gamma spectroscopy (Rowan and Rasmussen 1996), these analyses generally require large amounts of fish and prey tissues (>20 g), and it typically requires 6-24 h to perform only one 137 Cs analysis for populations that did not receive large inputs of 137 Cs from the Chernobyl fallout or that are not in regions of high clay content soils (Rowan and Rasmussen 1994) . This may be problematic for fish feeding on invertebrates because of the difficulty of obtaining enough food to perform the 137 Cs analysis. In contrast, Hg can be analyzed accurately on small samples (<1 g) even when Hg concentration in fish is particularly low (<0.01 mg·g -1 ). Furthermore, with modern atomic absorption spectroscopy, approximately 150 samples can be analyzed in 6 h. However, for fish feeding on invertebrates, it is necessary to measure methyl mercury in the diet rather than total Hg, as a fraction of the total Hg in invertebrates may be inorganic Hg. Methyl mercury concentration in invertebrate samples can be easily determined by atomic fluorescence spectroscopy (Bloom 1992) . This analysis also requires less than 1 g of sample, but only 20 samples can be analyzed for methyl mercury in 8 h. Nevertheless, that is a much greater number of samples that can be analyzed per unit of time than with the 137 Cs method. In fish, methyl mercury concentration and total Hg concentration are equivalent because almost all of the Hg is methyl mercury in fish (Bloom 1992 ). Since it is faster and cheaper to measure total Hg than methyl mercury, total Hg should be determined in fish instead of methyl mercury concentration.
In addition to 137 Cs and Hg, PCB and DDE have been proposed as chemical tracers for estimating food consumption rates of fish . However, no empirical models are presently available to accurately estimate the elimination rates of these chemicals. Despite this difficulty, used DDE to estimate the quantity of food consumed by Lake Ontario lake trout. Food consumption rates of Lake Ontario lake trout estimated with DDE by these authors were similar to those obtained with Hg in this study for the first two age-classes but tended to be 1.6-fold higher with DDE afterward. This difference probably occurred because these authors used a more negative allometric exponent for DDE elimination than the value that we used for Hg (-0.59 versus -0.20) . However, unlike the Hg elimination model used in this study, the allometric exponent of DDE elimination was assumed rather than empirically derived. Furthermore, the assimilation efficiency of PCB and DDE from food is poorly known for natural prey items, as most values have been determined on fish fed with an artificial diet (e.g., Trout Chow, TetraMin flakes). This suggests that PCB and DDE are presently not appropriate chemical tracers for quantifying food consumption rates of fish in the field.
The main disadvantage of the Hg mass balance model is its sensitivity to Hg concentration in food. Hence, this method requires either an accurate description of fish diet or that Hg concentration in the food be determined directly on stomach contents and may require that fish be sampled more frequently than once a year if prey contamination varies seasonally. Furthermore, Hg concentration in the diet may vary with fish size, since larger fish tend to feed on larger prey and hence on more contaminated prey . However, this does not always occur, since Hg concentration in walleye and northern pike diet did not vary systematically with fish size for fish older than 1 year in Lake Simcoe .
Variation in food consumption rates among species and populations
Food consumption rates varied both among species and among populations in this study. For instance, lake whitefish tended to eat 2.1-fold more food than walleye. Food consumption rates varied 1.8-fold between lake trout populations. The variation in food consumption rates observed among species and populations probably reflects differences in physiological requirement (e.g., standard metabolic rate), caloric content of food, prey availability, and fish abundance. Feeding is believed to play an important role in fish ecology and may influence numerous processes in an ecosystem such as competition, predation, and nutrient dynamics (Hanson and Leggett 1986; Stewart and Ibarra 1991; Kraft 1992) . Despite that food consumption rates have been estimated for several fish populations (see Fig. 3 ), few studies have attempted to examine the effects of environmental conditions on the quantity of food consumed by fish. This is probably due to the difficulty of accurately estimating longterm food consumption rates of fish in the field. Due to the low effort required to quantify ingestion rates of fish in the field with the Hg mass balance model, the approach proposed in this study may therefore help to refine our understanding of the factors that influence long-term food consumption rates of fish in the field. In particular, the Hg mass balance model proposed in this study may be useful for quantifying the feeding rates of archived fish. Mercury concentration of fish is also routinely measured by several agencies and laboratories to determine if fish are edible for human consumption or to determine the effects of environmental conditions on the accumulation of Hg in fish. These values are generally stored in large databases and could be used to estimate the consumption rates of numerous fish populations. Mercury databases and literature data were quite useful in this study, as they allowed us to estimate the feeding rate of six fish species for a total of 91 age-classes. Thus, the Hg mass balance model proposed in this study can allow us to do bioenergetic work over a broader ecological context than traditional approaches.
Energy allocation in male and female fish
Female fish typically invest more energy in the production of gonads than males due to their higher GSI. To produce these gonads, females must either consume more food or have a lower metabolic rate than males (Diana 1983a) . The higher food consumption rates of females observed in this study support the former hypothesis. Similarly, food consumption rates of northern pike and lake trout from Great Slave Lake were higher in females than in males by about 30-40% . Diana (1979) also observed that female northern pike ate more food than males in lac Ste. Anne. However, Adams et al. (1982) showed that male largemouth bass (Micropterus salmoides) tended to consume more food than females during the summer, autumn, and winter months. This difference may be related to the breeding behavior of bass. The fish that were used in this study exhibit little parental care of the eggs and young. In contrast, male bass build and guard the nest until the young fish leave the nest. Therefore, these male fish must consume large quantities of food to meet the energy requirement associated with their breeding behavior.
To test the hypothesis that female fish spend less energy in metabolism, we estimated the total respiration rate of fish by difference between food consumption rates determined with the Hg mass balance model and growth rates in conjunction with a bioenergetic model. The energy budget of fish can be written as
where DR is daily ration of fish, P s and P g are the production of the soma and gonads, respectively, R T is the total respiration rate, and F and U are the fecal and urinary losses, respectively (all the parameters are in joules per day). The R T can be determined by difference, provided that the other parameters are known:
(10) R T = DR -(P s + P g + F + U).
To estimate the R T of male and female fish from the Caniapiscau Reservoir, F and U were taken from Bevelhimer et al. (1985) for northern pike and from Rudstam et al. (1994) for lake whitefish. We assumed that the energy density of invertebrates and prey fish were 3350 and 4185 J·g wet mass -1 , respectively. We assumed an energy density of 5020 J·g -1 for northern pike (Diana 1983a ). The energy density of lake whitefish was modeled as a function of body size (Rudstam et al. 1994) . Finally, the energy densities of the testis and ovary were assumed to be 20% higher than the energy density of the soma (Diana 1983b) .
Total metabolic rates tended to be lower in northern pike than in lake whitefish (Fig. 5) . This probably reflects differences in the feeding behavior of these fish, as northern pike are a sit-and-wait predator, while lake whitefish actively forage for their prey. Metabolic costs tended to be higher in females than in males (Fig. 5 ). Total metabolic rates varied significantly between species (F 1,16 = 21.7, p < 0.0005) but not between the sexes (F 1,16 = 4.4, p > 0.05). The interaction between species and the sexes was also not significant (F 1,16 = 0.6, p > 0.4) . This analysis thus suggests that the higher energy demand of females for the production of gonads is met by increasing their food consumption rates, rather than by reducing their metabolic rates.
Management implications
The Hg mass balance model presented in this study may be useful for fisheries managers to determine how many fish can be stocked in a lake without reducing its forage base. Predator demand (i.e., feeding rate) and its impact on forage fish have traditionally been determined with bioenergetic models (Stewart and Ibarra 1991) . However, these models often tend to underestimate food consumption rates of fish obtained with either stomach contents or a 137 Cs mass balance model, probably because field metabolic rates are not adequately represented in bioenergetic models (Boisclair and Leggett 1989; . This may be problematic because stocking programs based on bioenergetic model estimates may eventually lead to the collapse of the food base and also of the stocked fish. For instance, lake trout is stocked in both Lake Memphremagog and Lake Ontario to support sport fisheries. In these populations, food consumption rates determined with the bioenergetic model of Stewart et al. (1983) are about 1.2-2.2 times lower than values determined with the Hg mass balance model in this study. This suggests that bioenergetic models may not be an appropriate tool for assessing the potential impacts of predators on their forage base and that stocking programs should be based on food consumption rates determined with a mass balance model of chemical tracers like Hg or 137 Cs instead of those obtained with a bioenergetic model. Metabolic rates of (a) northern pike and (b) lake whitefish in relation to sex. Total respiration rates (R T ) were divided by standard metabolic rates (R S ) to control for body size differences. Error bars represent ±1 SE.
Thus, the mass balance model of Hg concentration requires a mass balance model for Hg burden as well as a mass balance model for fish size. Assuming that fish mass is growing exponentially, the mass balance of fish size is 
where G is the specific growth rate (per day). Thus, combining eqs. A1, A2, and A3 gives
In sexually mature fish, Hg may also be eliminated from fish during spawning, since the gonads also contain Hg . Gonads may be considered as a separate compartment that receives a continuous input of Hg from the body Rasmussen 1996, 1997) . Thus, assuming that a constant fraction of Hg is lost from the body to the gonads each day (K, per day) without any exchange back to the fish , eq. A1 becomes
Therefore, for mature fish, eq. A4 becomes
Integrating this equation gives
where C t and C t+Dt are the concentration of Hg in fish at time t and t + Dt (mg·g -1 ), respectively, and Dt is the time interval (days). Note that if the concentrations of Hg in muscle and in the whole fish are not equal, C t and C t+Dt should be divided by the ratio of Hg concentration in muscle to that in the whole fish to use this model. Food consumption rates can be determined by rearranging eq. A7 as
The loss rate of Hg from the body to the gonads is equal to the quantity of Hg in the gonads at spawning (B g , micrograms) divided by the quantity of Hg in fish (B f , micrograms) and by the number of days in a year (365 days), such that
The quantity of Hg in the gonads is equal to the product of Hg concentration in the gonads (C g , micrograms per gram) and the mass of the gonads (W g , grams):
similarly, the quantity of methyl mercury in a fish is equal to the product of methyl mercury concentration in fish (C f , micrograms per gram) and fish mass (W f , grams):
Substituting eqs. A8 and A9 into eq. A7 and simplifying:
where Q is the ratio of Hg concentration in the gonads and the whole fish (i.e., C g / C f ) and GSI is the gonadosomatic index. and . c Data from . d Data from , , and M. Trudel and J.B. Rasmussen (unpublished) .
Appendix 2 (concluded).
